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Fluid absorption by proximal tubules
in the absence of a colloid osmotic gradient
M. HORSTER, M. BURG, D. POTTS and J. ORLOFF
Laboratory of Kidney and Electrolyte Metabolism, National Heart and Lung Institute, National Institutes of Health,
Bethesda, Maryland
Fluid absorption by proximal tubules in the absence of a
colloid osmotic gradient. The rates of fluid absorption (4) of
isolated perfused rabbit proximal convoluted tubules bathed
either in rabbit serum or in protein-free ultrafiltrates of rabbit
serum were compared. No change in .1,, was observed when
normal serum in the bath was replaced by an ultrafiltrate
prepared with membranes that nominally exclude solutes of
molecular weight greater than 10,000 and 14,000. Similar results
were obtained when a protein-free artificial saline buffer that
had been dialyzed against rabbit serum across one of these
membranes was employed as the bathing solution. It is concluded
that a colloid osmotic pressure difference generated by serum
protein is not required for the absorptive process. In agreement
with others [1, 2], substitution for serum in the bath of protein-
free ultrafiltrate prepared with membranes that nominally
exclude solutes of molecular weight greater than 50,000 reduced
4. In contrast to their results, however, addition of 6.5 g/100 ml
of albumin to this ultrafiltrate did not restore 4 to control
values. It is probable that unidentified factors other than
protein colloid osmotic pressure were responsible for the
reduction in 4 under these circumstances.
Reabsorption de liquide par les tubules proximaux en l'absence
de gradient colloido-osmotique. Les debits d'absorption de liquide
(4) de tubules contournés proximaux isolés et perfusés de lapin
ont été compares selon que les tubules étaient immergés dans du
serum de lapin ou dans des ultrafiltrats de serums de lapin ne
contenant pas de protéines. Ii n'a pas été observe de modification
de 4 quand le serum normal du bain était remplacé par un ultra-
filtrat préparé au moyen de membranes qui excluent nominale-
ment les molecules dont les poids sont supérieurs a 10,000 et
14,000. Des résultats semblables ont été obtenus quand Ia
solution d'immersion Ctait un tampon salin artificiel, sans
protéines, qui avait été dialysé contre du serum de lapin a travers
l'une de ces membranes. II en est conclu que Ia difference de
pression colloido-osmotique dont les protéines sont responsables
n'est pas nécessaire au processus de reabsorption. En accord
avec d'autres auteurs [1, 2], le remplacement du serum du bain
par de l'ultrafiltrat sans protéines préparé avec des membranes
qui excluent nominalement les substances dissoutes dont le
poids moléculaire est supérieur a 50,000 a réduit J,,. A I'opposé
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de leurs résultats, par contre, l'addition de 6,5 g/l00 ml d'albu-
mine a l'ultrafiltrat n'a pas ramenC 4 aux valeurs contrôles. Ii
est probable que des facteurs non identifies autres que Ia pression
colloido-osmotique des protéines sont responsables de Ia
reduction de 4 dans ces circonstances.
There is considerable controversy concerning the role of
colloid osmotic pressure in the maintenance of fluid ab-
sorption by the proximal convoluted tubule. Initially it
had been suggested that the colloid osmotic pressure of the
peritubular plasma, which is higher than that of the
tubule fluid, is an important driving force for fluid absorp-
tion (reviewed in [3]). Results of micropuncture experiments
in rat and Necturus were interpreted as excluding this
possibility since 1) the hydraulic conductivity of the tubule
was too low for transport to be effected at the observed
rates by the minimal colloid osmotic driving force [4] and
2) addition of protein to the tubule fluid did not appre-
ciably alter the absorptive rate as estimated by the split
drop technique [4, 5, 6] (more recent data on this point are
in conflict, however [7]). Although active transport of
Na, rather than colloid osmotic pressure difference, has
subsequently been generally accepted as the principal
driving force for net absorption, several more recent
studies have shown that peritubular protein concentration
and/or hydrostatic pressure has an effect on the rate of
fluid absorption in the proximal tubule (8—14]. The appa-
rent differences in results have been rationalized by
adopting the proposal of Lewy and Windhager [13]. In
their view reabsorption of fluid from the lumen, effected
by active Na transport, is regulated by the rate of transfer
of the transported fluid into the peritubular capillary
network. A reduction in the colloid osmotic pressure of the
capillary bed reduces net transcellular transport indirectly,
either by inhibiting the active transport process by an
unknown mechanism related to changes in the geometry
of intercellular channels, or by accelerating the backflux
of fluid or of Na through these same intercellular channels.
Protein and fluid absorption
The purpose of the present experiments was to examine
the role of peritubular protein concentration on fluid ab-
sorption in isolated proximal tubules. Under a number of
conditions fluid absorption persisted unchanged despite
removal of protein from the bathing solution, a result
which suggests that the colloid osmotic pressure is not an
essential driving force across the epithelial cell. The studies
do not bear on the possible role of the peritubular capillary
uptake of fluid as a regulatory mechanism.
Methods
The method employed in these studies has been previ-
ously described in detail [15, 161 and is summarized below
with additions and modifications.
Female New Zealand white rabbits were decapitated.
Kidney slices were prepared immediately and transferred
into chilled rabbit serum (0 to 5° C). A proximal convoluted
tubule segment, 1.5 to 2.8 mm long (mean, 2.1 mm), was
dissected free and transferred into a perfusion chamber
containing rabbit serum at 38° C. Usually the convoluted
segments could be identified by an attached glomerulus as
belonging to the first portion of the tubule. All bathing
solutions were gassed before and during the experiment
with 95% 02/5% CO2.
Tubules were perfused with either saline buffer (see
below) or an ultrafiltrate prepared from the same rabbit
serum as that used in the bath. The same perfusion solution
was used throughout a single experiment. The ultrafiltrates
were prepared at 3° C as follows: 1) "Mol wt> 10,000 and
14,000 excluded"1 by pressure dialysis through cellulose
acetate-gel membrane (Union Carbide, > 14,000 excluded)
(Table 1, 2) or UM-1 0 filters (Amicon, > 10,000 excluded)
(Table 1,3). 2) "Mol wt >50,000 excluded" by pressure
dialysis through Amicon XM-50 filters (Table 5). The
artificial saline buffer (Table 6) contained: NaCI, 0.115 M;
KCI, 0.005 M; NaHCO3, 0.025 M; Na acetate, 0.010 M;
NaH2PO4, 0.0012 M; CaCl2, 0.001 M; MgSO4, 0.0012 M;
and glucose, 0.005 M. Ultrafiltrates were analyzed for
osmolality, sodium, potassium, and pH. These values were
equal to those of the sera used (considering differences due
to Donnan distribution for Na and K). Albumin-I125 or
iothalamate-I'25, 75 to 100 j.tCi ml, was added to the
perfusion fluid as a volume marker. In experiments using
albumin-I125, 1 % v/v of rabbit serum was also added to
provide carrier protein to minimize possible losses of
albumin-I125 on glass surfaces.
The micropipet arrangement described previously was
modified by the addition of a concentric outer pipet contain-
ing Sylgard 184 at each end of the tubule to minimize possi-
ble leaks [17]. Approximately 100 t of each end of the tubule
were covered by Sylgard 184. Leak of fluid (and/or radio-
1 Information concerning the molecular weight selectivity was
obtained from the manufacturers. The values, of course, are
approximate.
isotope) through or around the tubule was detected by
analyzing the bath (changed every 5—8 mm) in each experi-
ment. The mean leak in the experiments reported using
1125 albumin was 0.2Onl min; that with J125 iothalamate
was 0.18 nl min1.
Tubular fluid was collected under mineral oil into con-
striction pipets. The volume of each collection was constant
and the times of the collection periods measured. Perfusion
rate (mean 12.2 nI min) and volume absorption
nl mm tubule length min) were calculated from the
timed volumes of the collections and concentration of the
volume marker, as described previously [16].
The radioactivity of P25 was measured using a Packard
well scintillation counter. The radioactivity of samples
of tubule fluid was at least 15 times background. (Sam-
ples were counted to at least 2 % accuracy.) In order to
exclude the possibility of systematic errors in the mea-
surement of the J125, analytical controls were carried out
in which the fluid was perfused directly into the collecting
pipet under oil. The concentration of radioactivity was
measured using the same constriction pipet as in the ex-
periments. The concentration in samples taken from the
back of the perfusion pipets was equal to that in the direct
collections and confirmed the accuracy of the method.
During the experiments, care was taken to eliminate the
possibility of 1) dilution of the fluid in the perfusion pipet
with nonradioactive fluid from the bath prior to cannulat-
ing the tubule, and 2) dilution of the fluid in the collection
pipet by nonradioactive fluid adherent to its inner surface.
The bath solutions were 1) rabbit serum (Microbiological
Associates) in all control periods; 2) the various ultra-
filtrates used f or perfusion (without addition of isotope or
carrier protein). The total protein concentration [18] of
all ultrafiltrates used in the bath was 8 to 22 mg/lOO ml;
3) saline buffer plus 5% v/v rabbit serum (in several early
experiments, as reported elsewhere [16], the tubule cells
deteriorated visibly when saline buffer alone was present
in the bath); 4) ultrafiltrate (mol wt >50,000 excluded)
plus 6.5 g/100 ml of crystalline bovine serum albumin
(Armour); 5) saline buffer containing human serum
albumin (Cutter). Fifteen to 20 ml of 25 g/100 ml human
serum albumin were dialyzed using the cellulose acetate
membrane against the saline buffer (2 x 1,000 ml for 24 hr).
The resultant solution was diluted with the saline buffer to
6.5 g/lOO ml of protein for use in the bath; 6) saline buffer
dialyzed against rabbit serum through the cellulose acetate
membrane: 25 ml of saline buffer were dialyzed for 24 hr
against each of two 200 ml volumes of rabbit serum at 2°C.
All bathing solutions used in the experimental periods
were equiosmolal to the serum used in the control periods
(Bowman-Aminco freezing point apparatus [19]).
Fluid absorption was measured with rabbit serum in the
bath at the beginning and end of the experiment (pre- and
postcontrol); fluid absorption with the experimental solu-
tions was tested in between.
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Bath: rabbit serum (298 mOsm)
10.6
10.5
10.1
Bath: Change to Ultrafiltrate
10.1
10.2
10.0
Bath: Change to serum
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10.5
10.4
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4.7
Bath: Change to Ultrafiltrate
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4.2
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5.0
Bath: Change to serum
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5.7
7.0
6.0
Perfusate: Saline buffer (291 mOsm)
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1.02
1.16
1.16
0.89
1.22
1.02
0.88
0.98
0.81
1.00
1.41
0.89
1.14
1.20
1.00
1.08
1.12
1.03
1.07
1.17
1.30
Bath: Rabbit serum (293 mOsm)
6.6
5.6
5.3
5.4
5.9
5.6
5.4
5.3
Bath: Change to serum
5.3
5.4
5.1
4.6
0.72
0.77
0.79
0.92
1.02
1.02
0.90
1.09
0.72
1.06
0.83
0.94
Table 1. Representative experiments from Tables 2 to 4
Period Miii
iii mm1 min'
Exp. I from Table 2
Perfusate: Ultrafiltrate mol wt > 14,000 excluded
(295 mOsm)
The variation in absorption in an individual tubule,
conditions remaining the same, was 0.24 (SD) nl mm1
min1 and did not differ in precontrol, experimental or
postcontrol periods.
Results
In most experiments it was possible to perfuse for a long
enough time to measure fluid absorption with rabbit serum
in the bath both prior to and after the experimental periods.
As previously noted [161, the absorption rate did not
change systematically with time. The mean paired difference
between the precontrol value and postcontrol was —0.02
0.07 SEM ni mm1 min1, which is not significantly dif-
ferent from zero. Thus, fluid absorption was stable and
the experimental effects were rapidly reversible. The mean
absolute magnitude of the fluid absorption in the pre-
control periods was 0.89 to 1.52 nI mm' min1 in the
various experiments (Tables 1—7), an absorption rate which
is similar to that previously observed [16].
When ultrafiltrate (mol wt >10,000 or 14,000 excluded)
or saline buffer dialyzed against serum was substituted for
serum in the bath, there was no change in the rate of
fluid absorption (Tables 1—4). The most straightforward
interpretation of this result is that the colloid osmotic
pressure of the serum proteins had no measurable effect on
fluid absorption. This conclusion is in agreement with that
derived from the earlier micropuncture experiments using
the split drop technique [4—6].
Following the report by Imai and Kokko [2] that
ultrafiltrate (mol wt>30,000 excluded) in the bath does
not maintain fluid absorption at the same rate as does
serum, we tested the effect of the ultrafiltrate with mol wt
> 50,000 excluded. Our results were similar to theirs;
namely a decrease in fluid absorption of 58% (Tables 5
and 7). In our view the reduction in absorption cannot be
attributed to the absence of a colloid osmotic driving force
since addition of 6.5 g/100 ml of bovine serum albumin to
the ultrafiltrate did not restore fluid absorption to the
control value (Tables 5 and 7). In experiments six to ten,
of Table 5 in which both solutions were tested in the same
tubules, the absorption rate increased by 0.15 (5) nl
mm1 mint when albumin was added, an increment equal
to 10% of the control fluid absorption. When the ultra-
filtrate (mol wt >50,000 excluded) was recombined with
the supernatant concentrate from the ultrafiltered serum
(two experiments) mean fluid absorption was 0.91 nI mm1
min1 compared to the control value of 0.80 in the same
experiments.
Grantham, Qualizza and Welling [1] have recently
reported that human serum albumin increases fluid absorp-
tion to control values when added to saline buffer in the
bath. As can be seen in Tables 6 and 7 in experiments
designed to confirm their findings, we confirmed a 58 %
reduction in absorption when saline buffer was substituted
for serum in the bath. However, in contrast to their results,
Exp. 7 from Table 3
Perfusate: Ultrafiltrate mol wt> 10,000 excluded
(298 mOsm)
Bath: Rabbit serum (302 mOsm)
Exp. 4from Table 4
Bath: Change to saline buffer dialyzed against rabbit
serum (293 mOsm)
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Table 2. Effect of ultrafiltrate (mol wt > 14,000 excluded,
prepared with a cellulose acetate membrane) in the bath on fluid
absorption by proximal convoluted tubules
Exp.
J (ni mm1 min 1)
C1 E C2
1 1.11 (3) 1.04 (3) 0.89 (3)
2 1.56 (4) 1.99 (7) 2.23 (4)
3 1.30 (3) 1.33 (4) 1.47 (4)
4 1.76 (5) 1.89 (6) 1.41 (4)
Mean SEM 1.43 0.14 1.56± 0.23 1.50± 0.28
All tubules were bathed in rabbit serum during the pre- and post-
control periods (C1 and C2) and in an ultrafiltrate prepared with
a cellulose acetate membrane in the experimental periods (E).
The number of fluid collections is given in the parentheses. The
perfusion fluid was the same ultrafiltrate as used in the bath.
Table 3. Effect of ultrafiltrate (mol wt > 10,000 excluded,
prepared with Amicon UM-lO filters) in the bath on fluid
absorption by proximal convoluted tubules
Exp.
J (ni mm' min 1)
C1 E C2
1 1.71 (5) 1.70 (5) 1.47 (5)
2 1.47 (4) 1.27 (5) 0.80 (4)
3 0.90 (4) 0.83 (4) 0.80 (4)
4 1.30 (5) 1.15 (4) 1.03 (4)
5 0.83 (4) 0.70 (4) 0.78 (4)
6 1.00 (4) 1.10 (8) 0.87 (9)
7 1.11 (4) 1.10 (4) 1.14 (4)
Mean SEM 1.18 0.12 1.12 0.12 0.98 0.09
All tubules were bathed in rabbit serum during the pre- und post-
control periods (C1 and C2) and in an ultrafiltrate prepared with
Amicon UM-lO filter in the experimental periods (E). The
number of fluid collections is given in the parentheses. The
perfusion fluid in all experiments was the ultrafiltrate used in
the bath.
Table 4. Effect of saline buffer (dialyzed against rabbit serum)
in the bath on fluid absorption by proximal convoluted tubules
Exp.
J, (ci mm min 1)
C1 E C2
1 1.29 (9) 1.93 (4) 0.88 (4)
2 0.75 (4) 0.96 (3) 0.79 (3)
3 1.20 (4) 1.05 (3) 0.73 (4)
4 0.80(4) 1.00(4) 0.89(4)
5 0.90 (4) 0.66 (5)
6 0.44 (4) 0.47 (3) 0.41 (3)
Mean SEM 0.89 0.12 1.01 0.20 0.74 0.08
All tubules were bathed in rabbit serum during the pre- and post.
control periods (C1 and C2) and in a saline buffer which had been
dialyzed through a cellulose acetate membrane against rabbit
serum in the experimental periods (E). The number of fluid
collections is given in the parentheses. The perfusion fluid was
ultrafiltrate prepared with Amicon XM-50 filter (expts. 1, 2,
and 3) or saline buffer (expts. 4, 5, and 6).
Table 5. Effect of ultrafiltrate (E1) (mol wt> 50,000 excluded)
and added albumin (E2) in the bath on fluid absorption by
proximal convoluted tubules
Exp.
J (nI mm—1 min1)
C1 E1 E2 C2
1 1.71 (5) 0.85 (5) 1.47 (5)
2 1.35 (3) 1.02 (4) 1.69 (4)
3 2.63 (3) 0.72 (4) 2.41 (3)
4 1.60(4) 1.11 (4) 2.07(4)
5 0.95 (4) 1.22 (6) 2.47 (5)
6 1.64 (5) 0,35 (3) 0.35 (6) 1.16 (3)
7 1.83 (3) 0.99 (4) 1.29 (6) 1.51 (4)
8 1.34 (4) 0.86 (4) 1.04 (3) 1.44 (5)
9 1.10(4) 0.25(5) 0.32(5) 1.30(5)
10 1.11 (4) 0.11 (4) 0.33 (5) 0.95 (5)
Mean± SEM 1.52± 0.11 0.75± 0.06 0.67± 0.10 1.64± 0.14
All tubules were bathed in rabbit serum during the pre- and post.
control periods (C1 and C2) and in an ultrafiltrate prepared with
Amicon XM-50 filters (E1) or the same ultrafiltrate plus 6.5 g/
100 ml bovine serum albumin (E2) during the experimental
periods. The order in which E1 and E2 were added was varied
between experiments. The number of fluid collections is given in
parentheses. The perfusion fluid was the ultrafiltrate used in the
bath (without albumin) except that in experiment I ultrafiltrate
with mol wt >10,000 excluded was perfused.
Table 6. Effect of saline buffer (E1) and added albumin (E2) in
the bath on fluid absorption by proximal convoluted tubules
Exp. C1 E1 E2 C2
1 1.20 (4) 1.07 (3) 1.76 (1)
2 1.60(4) 0.40(3)
3 1.38 (5) 0.44 (5) 1.46 (6)
4 1.05 (4) 0.72 (4) 1.36 (6)
5 3.48 (3) 0.81 (4)
6 1.25 (5) 0.74 (4)
7 0.87 (3) 0.28 (3) 1.30 (3)
8 1.46 (3) 0.76 (3) 1.47 (3)
9 1.31 (4) 1.10 (3) 1.29 (3)
10 1.10 (4) 0.40 (4) 1.38 (3)
Mean SEM 1.47 0.23 0.64 0.21 0.69 0.10 1.43 0.06
All tubules were bathed in rabbit serum during the pre- and post-
control periods (C1 and C2) and in saline buffer (E1) or saline
buffer + 6.5 g/100 ml of human serum albumin (E,) during
the experimental periods. The number of fluid collections is
given in parentheses. The perfusion fluid in all experiments was
the saline buffer (without albumin).
addition of 6.5 g/100 ml of human albumin to the saline
buffer did not support fluid absorption (which remained
reduced by 58%) (Tables 6 and 7). Since the protein-
containing and protein-free bathing solutions were not
tested in the same tubules, a small difference, similar to
that seen upon addition of serum albumin to the ultra-
filtrate (mol wt> 50,000 excluded), cannot be ruled out.
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Table 7. Difference in fluid absorption (A v) in proximal con-
voluted tubules bathed with various solutions (Summary of
data from Tables 2 through 6)
From
Table
Bath solution AJ (ni mmt mm —1)
2 3 3—2 P
2 serum UF 14,000 (cellu- + 0,09 0.07 (4)
lose acetate
membrane)
>0.1
3 serum UF 10,000 +0.03± 0.03 (7)
(UM 10)
>0.1
4 serum Saline buffer dia- + 0.15 0.15 (6)
lyzed against
serum
>0.1
5 serum UF 50,000
—0.84± 0.12 (10) <0.05
5 serum UF 50,000+al- —0.67±0.13 (5)
bumin
<0.05
5 UF5O,000UF5O,000+al- +0.15± 0.05 (5)
bumin
<0.05
6 serum Saline buffer —0.85 0.23 (3) <0.05
6 serum Saline buffer+
—0.89±0.31 (7)
albumin
<0.05
The pre- and postcontrol periods with serum were averaged.
'v is mean 5EM (number of tubules) paired difference for
individual tubules with the two bathing solutions. UF is ultra-
filtrate.
Discussion
We have not identified the critical factors in rabbit
serum necessary for fluid absorption but consider that the
colloid osmotic pressure of the plasma proteins is not one
of them. Thus, in the present experiments, two different
ultrafiltrates of serum and a saline buffer dialyzed against
serum, all prepared with filters which nominally exclude
solutes with molecular weights> 10,000 or 14,000 and
containing only a trace of protein, supported fluid absorp-
tion fully as well as did normal rabbit serum. Although
another ultrafiltrate (mol wt >50,000 excluded) and the
undialyzed saline buffer did not support normal fluid
absorption, addition of 6.5 g/lOO ml of serum albumin did
not restore the process to normal. The relatively low fluid
absorption with the latter solutions cannot be attributed to
the absence of a colliod osmotic driving force. As mentioned
above, the factors responsible for the fall in absorption
with these solutions are unidentified. In each case the
effect of the membranes used to prepare the solutions
might be to retain or permit passage of either inhibitors or
accelerators of fluid absorption. Therefore, no unique
interpretation is possible. We would tentatively propose,
however, that there are at least three serum factors involved:
1) Substrate(s) or accelerators, mol wt <14,000, which are
necessary for fluid absorption and are lacking in the arti-
ficial saline buffers. 2) Inhibitor(s) of fluid absorption,
mol wt between 14,000 and 50,000. 3) Inactivator(s) of
2), mol wt >50,000. Until there is a better clue to their
identity we feel that further speculation is unwarranted.
Lack of a direct effect of protein colloid osmotic pressure
on fluid absorption across the isolated tubule walls in our
studies is still consistent with the results of recent expeir-
ments which demonstrate a dependence in situ of fluid
absorption on the colloid osmotic pressure of the peritubu-
lar capillaries [8—14]. In the view of the authors of these
studies, fluid is transported out of the tubule lumen into
the interstitial space by a process involving active sodium
transport. Net uptake of the transported fluid into the
capillary bed is determined in large part by the protein
concentration of the capillary blood. Changes in protein
concentration therefore will alter the rate of fluid uptake
into the capillaries and thus alter the volume or pressure
of the interstitial fluid. This might secondarily affect either
the active transport itself or the reflux of Na and fluid back
into the lumen between the cells [13]. In this respect the
presence of the capillary wall and interstitial space in the
in vivo studies and their absence in the present ones is a
critical difference.
We are aware that other investigators, on the basis of
studies of isolated perfused rabbit proximal convoluted
tubules, have reached a conclusion contrary to ours; na-
mely, that protein colloid osmotic pressure is important
for fluid absorption [1, 2]. They did not test the ultra-
filtrates with mol wt >10,000 and 14,000 excluded, how-
ever, and our finding that these protein-free solutions have
an effect identical to serum is evidence against an essential
role for protein colloid osmotic pressure. In addition, their
experiments differed from ours in experimental methods
and design. Grantham and Qualizza [1] used a closed or
stopped flow perfusion in which the actual composition of
the fluid in the tubule lumen is undefined. In this system it
is conceivable that gradients form between the lumen and
the bath which alter fluid absorption in a manner which is
peculiar to the system. The various fluids which Imai and
Kokko used [2] were dialyzed against each other in a
complicated fashion. The experiments which we report in
Table 4 show that dialysis against serum may itself affect
a salire buffer so that it supports fluid absorption without
the addition of protein. This study, a necessary control for
the experiments of Imai and Kokko, was not reported by
them. On the basis of our studies we believe that there are
a number of unidentified factors in serum and that these
are important for fluid absorption under these conditions.
In our view, the changes in fluid absorption previously
ascribed to the presence or absence of protein colloid
osmotic pressure [1, 2] are in fact due to the presence or
absence of these other unidentified factors.
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